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detected, especially for the samples treated with UV radiation. In vitro results indicate that both UV and γradiation treatments of PLA membranes allow the adhesion and proliferation of MG 63 osteoblastic cells
in a close interaction with the fiber meshes and with a growth pattern highly sensitive to the underlying
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Abstract
Medical approved sterility methods should be a major concern when developing a
polymeric scaffold, mainly when commercialization is envisaged. In the present work,
PLA fibre membranes were processed by electrospinning with random and aligned
fibre alignment and sterilized under UV, ethylene oxide (EO) and 𝛾-radiation, the most
common ones for clinical applications. It was observed that UV light and -radiation
does not influence fibre morphology or alignment, while electrospun samples treated
with EO lead to fibre orientation loss and morphology changing from cylindrical fibres to
ribbon like structures, accompanied to an increase of polymer crystallinity up to 28%.
UV light and -radiation sterilization methods showed to be less harmful to polymer
morphology, without significant changes in polymer thermal and mechanical properties,
but a slight increase of polymer wettability was detected, especially for the samples
treated with UV radiation. In vitro results indicate that both UV and -radiation
treatments of PLA membranes allow the adhesion and proliferation of MG 63
osteoblastic cells in a close interaction with the fibre meshes, and with a growth pattern
highly sensitive to the underlying random or aligned fibre orientation. These results are
suggestive of the potential of both -radiation sterilized PLA membranes for clinical

applications in regenerative medicine, especially those where customized membrane
morphology and fibre alignment is an important issue.

Keywords: poly(lactic acid) (PLA), tissue engineering electrospun membranes,
biodegradable polymers, sterilization, gamma irradiation, fibre alignment

1 Introduction
During the last decade tissue engineering (TE) has been a growing field aiming to
improve health and quality of life of millions of people that suffered of organ failure or
tissue function resulting from disease, injury or aging. TE combines the knowledge of
engineering, biology and medicine in order to develop hybrid structures involving cells,
biomaterials and biomolecules to avoid organ transplantation 1. The optimal scaffold for
TE applications should meet a set of requirements such as biocompatibility,
biodegradability, adequate mechanical properties, morphology and topography, that
mimic the biological environment found in human body 1.
Electrospinning is a simple and inexpensive polymer processing technique used to
produce non-woven, nanostrutured fibre materials that has recently gained relevance
for the production of biomedical scaffolds 2. The major advantage on using this
technique to produce scaffolds is the ability to tailor fibre mats which resembles native
extracellular matrix (ECM), concerning its nanostructure, biochemical cues and
morphology. Owing to its versatility, this technique allows membrane fabrication from a
wide range of natural and/or synthetic polymers, as well as a great set of geometries,
by controlling the processing parameters

3-4

. This feature is of outmost importance

since the alignment of the substrate nanofibers seems to be directly related with
oriented cell growth 5. In fact, electrospun constructs has been reported for several TE
applications including bone

6-7

, cartilage 8, skin 9, cornea

10

, vascular

11

, heart

12

, nerve

conduits 13, among others.
Polylactic acid (PLA) is synthetic biodegradable aliphatic polyester derived from
renewable resources

14-15

, widely processed by electrospinning techniques

16

. This

polymer is biodegradable and biocompatible, generally recognized as safe by FDA
(Food and Drug Administration), and its degradation products undergo renal clearance
17

.

Sterilization is of outmost importance in clinical translation, ensuring patient`s safety
without compromising the polymeric structures, their physicochemical properties,
biocompatibility, polymer morphology and topography. Hence, it should be considered

early in the designing stages, in order to facilitate validation process and expedite
commercialization, considering that polymers are highly sensitive to heat, moisture and
radiation

18

. Although innovative methodologies (hydrogen peroxide gas plasma,

ozone, chlorine dioxide, pulse light, microwave radiation, among others) are being
developed in recent years focused in sensitive biomedical devices, the traditional
methods are already well established in the industry and have a long history of safe
and effective use, being recognized by FDA

19

. Among conventional methods, dry and

moist heat sterilizations are known to be harsh methods for thermosensitive polymers,
inducing thermal degradation and structural changes

20

. Ethylene oxide (EO) emerged

as a cost-effective, low-temperature process widely used for polymeric devices
sterilization, that acts through its strong alkylating power

21

. Although presenting

bactericidal, sporicidal and viricidal effects, EO also has drawbacks including its
toxicity, changes in device morphology, the presence of gas residues and by-products
in the treated material, leading to the need for long aeration periods
radiation, usually from a

60Co

21

. Gamma

source, is another well-established large scale process,

simple and highly effective for the sterilization of medical devices, usually at a validated
dose of 25 kGy

22

. This technology presents a set of advantages over EO including its

high penetrability in dense subtracts, and removal of chemical residues, increasing
product safety

23

. However, the effects of high energy radiation on polymers raises

issues that includes chain scission and/or cross-linking reactions at several extents,
leading to molecular weight loss, oxidative degradation, impaired mechanical
properties and even colour changes

23

. Ultraviolet Radiation (UV) is often used in

materials science either to perform surface modifications either to sterilize polymers
because it is a simple and low cost operation

24

. It has strong antimicrobial activity but

its ability to penetrate in solid matter is very poor and affects polymer molecular weight,
chain length, polydispersity, branching and chain termination 25-26.
Considering that each sterilization method has its advantages and limitations, the
choice of a suitable process should be carefully studied according to the device
features and final application. Further, the development of new processing
technologies and the ability to control polymer structure and morphology at micro and
nanoscale dimension, arises new problems, especially if fibre alignment is one of the
main features of the polymer membranes. In this way, the purpose of this work was to
evaluate the effects of UV radiation, gamma rays and EO treatments on PLA random
and aligned fibre membranes, produced by electrospinning. The effect of the different
sterilization methods on fibre alignment, as well as mechanical, thermal and
mechanical behaviour was systematically assessed. Additionally, cytocompatibility was
evaluated for the response of MG63 osteoblastic cells characterized for cell

viability/proliferation, morphology and pattern of cell growth on the random and aligned
fibre membranes.

2 Materials and Methods
2.1 Materials:
Poly(L-lactic acid) (PLLA, Purasorb PL18, 𝑀𝑤 = 217 – 225 kDa) from Corbion
(Netherlands) was dissolved in a mixed solvent of N,N-dimethylformamide (DMF, from
Merck) and dichloromethane (MC, from Sigma-Aldrich) (3/7 v/v) to achieve a polymer
concentration of 10 wt% of the solution. The polymer solution was dissolved at room
temperature with the help of a magnetic stirrer until complete polymer dissolution 16.

2.2 Methods
2.2.1 PLA electrospun membranes preparation
The polymer solution was placed in a commercial glass syringe (10 mL) fitted with a
steel needle with 500 µm of inner diameter. Electrospinning was conducted at 1.25
kV.cm-1 with a high voltage power supply from Gamma High Voltage. A syringe pump
(from KDScientific) was used to feed the polymer solutions into the needle tip at 0.5
mL.h-1. The electrospun fibres were collected in ground collecting plate placed at 20 cm
apart from the needle (random aligned fibres) or in a drum collector at a speed of 100
m.s-1 (aligned fibres). All experiments were conducted at 21 ± 2 ºC and a relative
humidity of 43 ± 5%.

2.2.2 Membranes sterilization
Three different sterilization procedures were applied to the polymeric electrospun
membranes:
UV Sterilization: Fibre membranes were irradiated by commercial 254-nm UV
germicidal lamp (30W; OSRAM) for 60 min under a tissue culture hood (EHRET). Fibre
meshes were evenly irradiated on both sides with a mesh-to-lamp distance fixed at 30
cm. The UV-treated samples were placed in an open Petri dish before the UV
irradiation.

EO sterilization: Samples were placed in glass Petri dishes, sealed and EO sterilization
was performed at Bastos Viegas (Portugal) according to ISO 11135

27

. The EO

sterilization process consists of three steps, which the first step was temperature and
humidity preconditioning at 33-43 ºC and 35-65 %RH, respectively, for 24 h. The
second step was EO gas exposure with a concentration of 658-688 mg.L-1 for 3 cycles
in a sterilizer chamber at low pressure (925-935 mbar) and temperature (41 - 46.6 ºC)
during 560 min. The last step was aeration for 6 h at 28 - 38 ºC.

-Radiation sterilization: -radiation sterilization procedure was performed by
Aragogamma (Spain), using a

60

Co radiation source at dose level of 25 kGy, at room

temperature and in the dark, according to ISO 11137 28.

2.2.3 Characterization of PLA membranes
Electrospun fibres were coated with a thin gold/palladium layer using a sputter coating
(Polaron, model SC502 sputter coater) and their morphology was analysed using a
scanning electron microscopy (SEM) (NanoSEM FEI Nova200, from FEI) with an
accelerating voltage of 10 kV. Nanofibers average diameter and its distribution and
alignment was calculated over approximately 50 fibres using the Image J

29

. One-way

analysis of variance (ANOVA) with Bonferroni’s post-test was carried out to compare
the means of different data sets within each sterilization method related to neat PLA
membrane, random or aligned fibres, in GraphPad Prism 5 software. A value of p <
0.05 was considered to be statistically significant.
Contact angle measurements (sessile drop in dynamic mode) were performed at room
temperature in a Data Physics OCA20 device using ultrapure water as test liquid. The
contact angles were measured by depositing ultrapure water drops (3 µL) on the
sample surface and analysed with a SCA20 software. At least 10 measurements in
each sample were performed in different membrane locations and the average contact
angle was taken as the result for each sample.
Infrared measurements (FTIR) were performed at room temperature in a Bruker Alpha in ATR mode from 4000 to 650 cm-1. FTIR spectra were collected with 32 scans
and a resolution of 4 cm-1 and at room temperature. The thermal behaviour of the
electrospun

fibre

mats

were

analysed

by

differential

scanning

calorimetry

measurements (DSC) with a Mettler-Toledo DSC823e apparatus. The samples were
cut into small pieces from the middle region of the electrospun membranes and placed
into 40 µl aluminium pans and heated between 30 and 200 ºC at a heating rate of 10
ºC.min-1. All experiments were performed under a nitrogen purge, and the obtained

data was normalized for mass and heating/cooling rate. The glass transition
temperature (𝑇𝑔 ), cold-crystallization temperature (𝑇𝐶𝐶 ), melting temperature (𝑇𝑚 ), coldcrystallization enthalpy (∆𝐻𝐶𝐶 ), melting enthalpy (∆𝐻𝑚 ) and crystallinity degree (∆𝑋) of
all electrospun mats samples were measured.
Stress-strain measurements were performed to evaluate the mechanical properties of
the different membranes, using a Shimadzu Universal Testing Machine (AG-IS with a
50 N load cell) in tensile mode, at a strain rate of 0.5 mm.min-1 and at room
temperature. Rectangular stripes of 10x40 mm2 were measured with a calliper
(Mitutoyo) and a thickness of ~100 m thickness was measured with a DUALSCOPE®
MPOR (Fischer). From the stress-strain data, elasticity modulus was calculated in the
linear zone, between 0 and 1 % of strain, for all the samples. The ultimate tensile
strength and the strain-at-failure were also determined. Measurements were performed
on at least five specimens of each sample and the mean values and standard deviation
were calculated.

2.2.4 Fibre alignment quantification
Fibre alignment was analysed using a digital image-processing technique according to
the method reported elsewhere

30-31

. The Fast Fourier Transform (FFT) was used to

characterize fibre alignment in the polymeric membranes as a function of the
sterilization procedure. The FFT function converts information present in the original
SEM image from the “real” space into mathematically defined “frequency” space. The
resulting FFT output image contains grayscale pixels that are distributed in a pattern
that reflects the degree of fibre alignment present in the selected area

30-31

. A square

region of 1024 x 943 pixels on the SEM image was randomly selected and processed
for FFT using Image J software. Additionally, to quantify the alignment of fibres, the
angular distribution of the fibres (n=50) was determined from the SEM images using
the ImageJ software.

2.2.5 Cell adhesion and proliferation assays
Cell culture
Nonwovens of electrospun PLA nanofibers sterilized by three different methods were
cut out with punch (13-mm in diameter) and put onto a 24-well culture plate. Membrane
samples were held at the bottom of the 24-well culture plate with individual 7.8 mm
diameter Teflon inserts.

MG 63 osteoblastic-like cells (ATCC number CRL-1427TM, passage 25) were cultured
in MEM-α supplemented with fetal bovine serum (FBS, 10% v/v), 50 µg ml-1 ascorbic
acid, 100 IU ml-1 penicillin, 2.5 µg ml-1 streptomycin and 2.5 µg ml-1 amphotericin B and
maintained at 37 °C in a 5% CO2 humidified atmosphere. Cells were seeded in 25 cm2
T-flasks until 70 – 80% confluence is reached. Detachment of adherent cells was
achieved by a 5 min incubation in 0.05% trypsin – 0.25% EDTA solution, at 37ºC
(thereafter, culture medium was added to the free cells in order to stop the reaction).
Then, cells were centrifuged and the pellet suspended in fresh culture medium. Cell
counting was performed using a 1:1 proportion of Trypan Blue and cells and the
colourless (viable) cells were counted in a Neubauer haemocytometer chamber. Then,
cells were seeded over the fibre mats at a density of 15×103 cells/well.
Adhesion and proliferation of MG63 osteoblastic-like cells seeded on the fibers were
evaluated using a resazurin cell viability assay (CellTiter-Blue® Cell Viability Assay
from Promega). After culture periods of 1, 3, 7 and 11 days, the redox activity within the
cytosol of the viable cells was assessed through the reduction of the resazurin, a blue
compound, into resorufin, which is red in color.
Briefly, the medium of each well was removed and replaced by a mixture of 550 μL of
fresh culture medium and 10% Resazurin reagent solution. After incubating cells for 3
hours, 100 μL of cell supernatant was transferred from each insert to a well of a 96-well
plate and the fluorescence was read at 530 and 590 nm in a reader plate (Synergy;
BioTek) for excitation and emission, respectively. Wells containing cells seeded without
materials, and wells containing only culture medium with/without materials were used
as controls. Cell viability after 1, 3, 7 and 11 days was obtained by comparing the
fluorescence of the supernatant of cultured cells on the fibre mats to that of the
controls.
Cell morphology was observed during the experiment under an inverted light
microscope to assure growth of the controls and sterility. Evolution of cell adhesion and
pattern of cell growth over the membranes was performed by SEM analysis. Samples
were soaked in a fixation solution (1mL of 2.5% glutaraldehyde in PBS) for 1 hour at
room temperature, rinsed with distilled water (1 mL) and dehydrated through immersion
for 30 minutes in a series of successive ethanol-water solutions (0.5 mL of 55%, 70%,
80%, 90%, 95% and 100% v/v of ethanol). Samples were then dried at room
temperature and coated with gold prior to SEM analysis.
Quantitative data is presented as mean ± standard deviation (SD) of at least three
replicates and statistical significance was measured by performing one-way ANOVA
analysis followed by Tukey's multiple comparison using GraphPad, Prism Software

(V.5). Differences were taken to be significant when compared to control for each day;
p < 0.05.

Results and discussion
Morphology of the fibre membranes
One the main concerns of polymeric materials for biological applications is the
influence of the sterilization technique on sample morphology, especially for fibre
membranes and fibre orientation

18

. In the present work the polymer was dissolved in a

solvent mixture of MC and DMF (7/3 v/v) because the first one is a good PLA solvent,
nevertheless, it has a low dielectric constant and boiling point (~35 ºC) and higher
vapor pressure, and consequently the MC evaporation rate is quite fast at room
temperature, leading to a continuous needle clogging due to polymer crystallization that
often occurs if this solvent is used alone to electrospun the polymer. By adding DMF, a
poor PLA solvent, but with high dielectric constant (𝜀 ′ = 38.2), boiling point around 152
ºC and lower volatility 32, allowed to solve the problems related to the MC solvent when
used alone, and resulting in a stable and continuous processing of the fibre
membranes.
It was reported previously that an increase of the applied electrical field (𝐸) in the range
of 0.8 – 1.0 kV.cm-1 leads to a decrease of PLA average fibre diameter, remaining
constant for higher 𝐸

16

, being the morphology of the cylindrical fibres smooth and

defect free. Based on the work of Ribeiro et al.

16

, and in order to obtain a continuous

process, the chosen electrospinning processing parameters were: 𝐸 = 1.25 𝑘𝑉. 𝑐𝑚−1;
needle inner diameter of 0.5 mm and a federate of 0.5 mL.h-1, leading to smooth
beadless PLA fibre membranes were obtained by electrospinning (figure 1a). The
same fibre mesh was submitted to the commonly used sterilization procedures, not
only for laboratorial work such as ultraviolet light sterilization, but also ethylene oxide
and -rays sterilization methods, more commonly used for clinically used materials.
After EO treatment the characteristic features of neat PLA fibres were lost; instead of
cylindrical fibres, a ribbon-like morphology was observed, suggesting that fibres
collapsed on top of each other (figure 1b). This is probably due to the effect of low
pressure and temperature inside the ethylene oxide gas chamber, that went up to near
polymer glass transition temperature, which promoted fibre morphological changes.
Moreover, for UV light and -ray sterilization treatments the fibre morphology looks

quite similar to the neat electrospun PLA fibre membranes (figure 1 c and d), and no
significant changes on fibre morphology were detected by SEM data.

Figure 1 - Morphology of random PLA fibres: (a) non-sterilized, (b) sterilized by
ethylene oxide, (c) sterilized by UV radiation, (d) sterilized by -rays radiation.

The effect of the three sterilization processes in fibre alignment for the samples
collected in the rotating drum was assessed by SEM and compared to the neat fibres
(figure 2). It was observed that the overall aspect of the fibres is maintained for the UV
light and -rays sterilization, but the preferential orientation of the neat polymer is totally
lost after ethylene oxide sterilization (figure 2b), and random PLA ribbons were
obtained, quite similar to the one observed previously for the polymer random fibres
membranes submitted to same sterilization procedure (figure 1b). The loss of fibre
preferential orientation after EO sterilization was probably due to the combined effect of
low pressure and temperature that promotes an annealing effect of the membranes,
that leads to fibre contraction induced by the sterilization process and will be further
discussed below with the thermal properties of the polymer membranes.

Figure 2 - Morphology of aligned PLA fibres: (a) non-sterilized, (b) sterilized by
ethylene oxide, (c) sterilized by UV radiation, (d) sterilized by -rays radiation.

The evolution of polymer fibre diameter for the different sterilization protocols is
depicted in figure 3. Polymer random fibres presented higher average diameter
compared to the aligned ones due to the extra mechanical drawn performed by drum
speed during the collector procedure. This effect was also observed by Ribeiro et al.

16

for the PLA membranes and was also observed for poly(vinylidene fluoride)
electrospun polymer membranes

33

. Sterilization treatments suggested a decrease of

the fibre diameter, nevertheless, the observed differences are not statistically different,
for aligned or random aligned fibres (figure 3).
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Figure 3 – Evolution of fibre mean diameter for random and aligned fibres samples
before and after the sterilization procedures (R – random fibres and A – aligned fibres
mats); bars represent means ± SD (ns, nonsignificant, p < 0.05).

Fibre alignment was assessed by FFT analysis of SEM images and respective
quantification of fibre angular distributions in both aligned and random fibre membranes
(figure 4). Histogram plots illustrate the fibre angular distribution as a function of
frequency (percentage of fibres that lie in the fibre angle group). SEM images from
figure 1 showed that neat and sterilized membranes composed of random fibres
present fibres without any preferential direction, and that behaviour was also observed
by the FFT analysis (figure 4). Histogram plots corroborate these results by showing a
greater variety in fibre angle in the random fibre membranes with the absence of a
predominant range group, indicating lack of directional order. Moreover, for the neat
PLA membranes collected in the drum collector, a preferential orientation of the fibres
was observed, reflecting the same pattern as observed in figure 2-a. After UV light and
-rays sterilization, the alignment of the fibres was still preserved, which was clearly
identified by FFT analysis, despite the appearance of some subtle differences on the
output FFT image. Furthermore, the fibre angular distribution of these membranes is
more organized, with the majority of the fibre angles around the 90 degrees range.
Nevertheless, samples submitted to EO treatment lost all fibre orientation, being the
frequency distribution of the fibres similar to the random oriented samples (figure 4-b).
This behaviour is probably related to a combined effect of low pressure and
temperature increasing up to 50 ºC during the sterilization process, which is near PLA
glass transition and allows for fibre rearrangement, leading to the loss of alignment

(figure 2). Finally, the FFT approach revealed to be a useful method to discern subtle
differences in fibre alignment across the different samples.

Figure 4 – FFT output images (A-H) and the respective histograms showing fibre
angular distribution in electrospun PLA fibres before and after the sterilization
treatments, determined from the SEM images with ImageJ: (a) random unsterilized
fibres, (b) aligned unsterilized fibres (c) random fibres sterilized by ethylene oxide, (d)
aligned fibres sterilized by ethylene oxide (e) random fibres sterilized by UV radiation,
(f) aligned fibres sterilized by UV radiation; (g) random fibres sterilized by -rays
radiation; (h) aligned fibres sterilized by -rays radiation.

Water contact angle
Water contact angle (WCA) is a simple method to evaluate the changes in polymer
surface wettability before and after sterilization procedures. Table 1 shows that PLA
random fibres have a hydrophobic behaviour with WCA of 121 ± 2º and an increase of
WCA after sterilization was observed, especially for -rays and UV light treated
samples. Such behaviour is probably related to surface chemical and roughness
changes that occurs during sterilization procedures

34

. On the other hand, neat aligned

PLA electrospun fibre membranes showed a strong hydrophobic behaviour with a WCA
of 138 ± 2º, and after UV light and -rays sterilization the WCA remained similar, while
for the aligned fibre samples submitted to EO method, the WCA is similar to the one
obtained for the random fibre membranes, in accordance with the results presented in
figure 2 and 4.
Table 1 – Evolution of WCA for PLA electrospun membranes before and after
sterilization treatments.
Sterilization method

Random fibres

Aligned fibres

neat

121º ± 2º

138º ± 2º

UV

138º ± 2º

144º ± 2º

-Rays

133º ± 2º

140º ± 2º

EO

128º ± 2º

130º ± 2º

Fourier transform infrared spectroscopy (FTIR), was used to evaluate changes induced
by the different sterilization methods applied to the polymer fibre membranes. The
general aspect of the spectra is quite similar: neither new modes are totally supressed
nor new ones seem to appear due to the sterilization processes. The characteristic
absorption bands of neat PLA at 1749 ((𝜐(𝐶 = 𝑂)))), 1183 (𝜐(𝐶 − 𝑂 − 𝐶) + 𝑟𝑎𝑠 (𝐶𝐻3 )),
1044 (𝜐(𝐶 − 𝐶𝐻3 )) and 860 cm-1 are clearly observed for all samples after sterilization
by the different methods

16

. Nevertheless, a change in intensity was presented for

some characteristic polymeric absorption bands (figure 5a). It was observed that the
absorption bands characteristic of crystalline -phase is enhanced after sterilization by
EO as it can be observed at 921, 872 and 756 cm-1 (figure 5a). Moreover, the
absorption band at 956 cm-1, characteristic of polymer amorphous phase, decreased in
intensity, which suggests that the ethylene oxide sterilization method induces polymer

crystallization, which in accordance with the change in sample morphology observed in
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) and b) DSC

Electrospinning technique promotes the formation of polymer jets, which allows a fast
solvent evaporation process, and this process must occur between the needle tip and
the ground collector, and often results in polymer metastable phase

35

. PLA is a slowly

crystallizing polymer, and with glass transition above room temperature, which implies
that the samples collected at room temperature maintain a stable crystalline fraction.
Neat PLA samples exhibit a large overshot in the region of the glass transition, around
60 ºC, and was ascribed to the recovering of enthalpy of sample stored at room
temperature, around 30 ºC below 𝑇𝑔 and thus subjected to physical ageing

14

. Cold

crystallization starts immediately above glass transition and is shown as a broad
exothermal peak between 70 and 120 ºC with a maximum ~ 81 ºC. The melting start
just after cold crystallization occurs, at 120 ºC and ends at 160 ºC (figure 5b). After
irradiation with UV light and -rays the same behaviour was observed; however, for
samples treated by EO the glass transition and cold crystallization broad transition
almost disappeared, which suggests PLA crystallization. Sencadas et al.

14

reported

that when solvent evaporates during electrospinning process, amorphous polymer
chains were frozen in conformations that facilitate the additional crystallization when
the temperature was increased above glass transition and segmental diffusion was
possible. The loss of fibre preferential orientation and the change from a perfect round
shape to ribbons are probably due to the cold crystallization process that occurs during
the ethylene oxide sterilization method (figure 5b). Finally, a shoulder in the melting
peak for the samples submitted to different sterile processes was detected on the
samples endotherms, which was associated to the different crystal configuration that
have lower melting temperature. DSC scan itself produces the largest fraction of
recrystallized amorphous sections during the cold crystallization process following 𝑇𝑔 .
The crystals produced during DSC scan occur at crystal/amorphous interface, and
possibly acting as nucleation site, producing a lower degree of crystalline perfection,
which translates to lower melting temperature and consequently the double melting
peak (figure 5b).
The degree of crystallinity (∆X) of electrospun membranes before and after being
submitted to the different sterilization processes was calculated following equation:

∆𝑋 =

∆𝐻𝑚 − ∆𝐻𝑐𝑐
0
∆𝐻𝑚

(1)

where, ∆𝐻𝑚 , ∆𝐻𝑐𝑐 are the melting and cold crystallization enthalpy, respectively, and
0
∆𝐻𝑚
the enthalpy for a 100 % crystalline sample (93 J.g-1

14, 16

). The effect of

sterilization procedure on polymer crystallinity is presented in table 2. After UV-light
and -rays irradiation, PLA fibre membranes showed a slightly increase in crystallinity
up to 11 % when compared to the neat ones, which is in accordance with the results
found in literature
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. The sample treated with ethylene oxide revealed an increase in

crystallinity up to 28 %, which is probably due to the reaction of the ethylene oxide with
PLA chains (table 2). Pietrzak

38

suggested that ethylene oxide sterilization can

increase the crystallinity of bio-absorbable polymers such PLA, which utterly influences
the biodegradation kinetics and time.
Table 2 – Thermal properties of PLA electrospun membranes before and after different
sterilization procedures.
Sample

𝑻𝒈𝒑𝒆𝒂𝒌
ºC

𝑻𝒄𝒄𝒑𝒆𝒂𝒌
ºC

𝑻𝒎𝒑𝒆𝒂𝒌
ºC

∆𝑿
%

Neat PLA

59

81

150

0

UV light

59

85

150

8

-rays

59

85

154

11

EO

59

85

150

28

Mechanical strength, elasticity modulus, deformation at break, as well as porosity are
important parameters for implantation and exploitation of PLA electrospun fibre mats
for biomedical applications. Table 3 shows the evolution of the mechanical properties
before and after different sterilization processes applied to the polymeric membranes.
For random aligned fibre membranes, 𝐸 and the strain at break increases when
compared to the neat PLA mats, due probably to the increase of crystallinity present in
the material, already observed by DSC (figure 5b, table 2), accompanied by a slight
decrease of the 𝜎𝑏𝑟𝑒𝑎𝑘 (table 3). For aligned fibre membranes, no significant
differences were observed for the stress at break, while elasticity modulus and εbreak
showed an increase, after sterilization procedure. It was also observed that aligned
fibres membranes, submitted to EO sterilization, presented similar mechanical
properties to the random ones, which is probably due to the loss of fibre alignment
observed in figure 2 and 4.

Table 3 – Mechanical properties of neat electrospun PLA membranes before and after
different sterilization procedures.
Fibre

E

𝝈𝒃𝒓𝒆𝒂𝒌

𝜺𝒃𝒓𝒆𝒂𝒌

MPa

MPa

%

Neat PLA

18 ± 6

8±2

45 ± 12

UV light

35 ± 15

5±2

52 ± 15


-rays

38 ± 16

6±2

68 ± 12

EO

42 ± 27

7±3

85 ± 8

Neat PLA

31 ± 11

7±3

23 ± 15

UV light

56 ± 15

8±3

80 ± 9

-rays

64 ± 12

8±2

82 ± 4

EO

52 ± 14

6±2

76 ± 5

Treatment

alignment

Random

Aligned



The aim was to do a screening of commonly used procedures for polymer sterilization,
in order to detect methods that could cause undesired alterations on the PLA fibre
membranes. The UV radiation and 𝛾-rays did not cause a critical effect in the physicalchemical properties of the membranes. However, as stated above, EO treatment
resulted in loss of the fibre alignment and increase in crystallinity, which consequently
affects the mechanical properties of the membranes. Also, after EO sterilization, the cut
samples for in vitro cell culture shrunk due to fibre contraction associated polymer
crystallization and release of internal residual stresses generated during processing
(see figure 5b), which resulted in the decrease of their diameter approximately by 30%
(Figure 6). Oppositely, all the cut samples maintained the size after the other
sterilization processes. The dimensions observed in this figure are from the random
fibre samples, which are duplicated from the aligned fibre samples. Then, due to the
critical adverse effects found on the structural properties of the PLA membranes after

exposure to EO gas, the in vitro cell culture tests proceeded just with membranes
sterilized by UV and 𝛾-rays irradiation.

Figure 6 - Photographs of the cut samples for cell culture before and after the
sterilization treatments: diameter of the (a) neat membranes, (b) membranes sterilized
by UV radiation, (c) membranes sterilized by 𝛾-rays radiation, (d) membranes sterilized
by ethylene oxide. These photographs are from the random fibre samples but are
representative for both the random and aligned fibre samples.

Cell viability and proliferation
Sample morphology and topography, e.g. porosity and alignment, play an important
role in regulating the cellular behaviour. To assess the behaviour of cells seeded over
the electrospun PLA membranes after sterilization treatments, we analysed adhesion
and proliferation of MG 63 osteoblastic cells that were cultured for 11 days over the
developed membranes.
EO sterilization has a major drawback, as samples submitted to this procedure must be
stored for at least one week in order to ensure full release of ethylene oxide gas of
polymer porous structure. Nevertheless, significant changes in fibre morphology, loss
of fibre preferential direction and increase on crystallinity were also observed, which
hinders its use in cell culture and comparison purposes with the others sterilization
methods applied.
The redox activity of viable cells is shown in Figure 7 by the resazurin cell viability
assay. Cells proliferated on all surfaces, with an exponential cell growth rate. After 24h
of cell seeding, despite the subtle difference seen for the aligned fibres sterilized byrays, there is a similar metabolic activity of MG 63 cells cultured on membranes
sterilized by UV and -rays when compared to the control, suggesting that these PLA
fibres support MG 63 cell adhesion. After 3 days of culture the same behaviour is
observed, being noticed a slight inhibition in metabolic activity of cells cultured over the
aligned fibres sterilized by-rays. After 7 days, it is noticeable an inhibition in cell
proliferation over the -rays and UV sterilized fibres, nevertheless, at this time point,
cell metabolic activity stands similar for all sterilized membranes groups. However,
after this period and till the 11st day, there is a higher cell proliferation on the random

and aligned fibres sterilized by -rays, when compared to the UV sterilized ones.
Besides, for both sterilization treatments, the cell growth rate is higher in the random
fibres than in the aligned ones. This behaviour allows the reaching of cell viability levels
comparable to the controls for the random fibres sterilized by -rays. Finally, aligned
fibre membranes treated by UV irradiation presented the less metabolic activity of all
groups, and probably this behaviour is related to the higher hydrophobic characteristic
of the aligned polymer membranes (table 1). Cell-substrate interactions mediated by
proteins adsorbed from the culture medium are crucial in controlling MG 63
osteoblastic-like cells adhesion and proliferation in a monolayer culture
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. In the

present work, PLA aligned samples present a high WCA (~140º, table 1), near super
hydrophobicity behaviour, which can hinder protein adsorption surface and
consequently focal adhesion, leading to the difference of cell viability when compared
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Figure 7 - Resazurin viability assay of MG63 osteoblastic-like cells performed on four
time points during 11 days after cell seeding over the sterilized membranes. “UV R”,
UV sterilized random fibres; “UV A”, UV sterilized aligned fibres; “-rays R”, -rays
sterilized random fibres; “y-rays A”, y-rays sterilized aligned fibres; “CC”, cell control.
Each result is presented as the mean ± standard deviation of three replicates. Tukey’s
post-hoc test being the significant differences when compared to control for each day
*,: p < 0.05.

To further evaluate the behavior of MG 63 osteoblastic-like cells onto the sterilized PLA
fibre membranes, cells were cultured on the fibre mats during 7 days and the cellular
morphology was analysed by SEM for more detailed cell-material interactions.
Representative micrographs of MG 63 cells morphology and alignment can be
observed in figure 8, along with fibre orientation of the membranes. In both random and
aligned substrates, the cell layer exhibited a close interaction with the nanofiber
meshes. Cells cultured on random aligned fibres presented a polygonal shape with

smooth surface and a randomly cell growth pattern, despite the sterilization procedure
(figure 8a and c). Instead, on fibre aligned substrates, cells were consistently aligned
along the longitudinal axis of the polymer fibres, with an elongated morphology, with no
detectable differences being observed for both substrate irradiation methods (figure 8b
and d). A similar behaviour has been reported for PCL electrospun fibres treated by radiation for doses up to 45 kGy, in which despite affecting polymer thermal and
mechanical properties, did not impaired the cellular behaviour 41.

Figure 8 - Scanning electron micrographs of MG63 osteoblastic-like cells seeded on
electrospun PLA membranes after sterilization treatments: (a) random fibre
membranes sterilized by UV radiation, (b) aligned fibre membranes sterilized by UV
radiation (c) random fibre membranes sterilized by -rays radiation (d) aligned fibre
membranes sterilized by -rays radiation. Cells were fixed and viewed after 7 days in
culture.

Conclusions
Medical approved sterility methods should be a major concern when developing a
polymeric scaffold, mainly when commercialization is envisaged. PLA electrospun fibre
membranes were treated with several standard sterilization procedures. It was
observed that UV light and -radiation does not influence fibre morphology or
alignment. However, electrospun samples treated with EO, exhibited conformational

changes from perfect cylindrical fibres to a ribbon-like morphology, along with the loss
of fibre alignment for aligned fibres membranes and presenting a similar WCA to
processed random fibres after sterilization. Moreover, this procedure leads to an
increase on polymer crystallinity up to 28%, due to the combined effect of low pressure
and temperature variation during sterilization process. An increase of the Young
modulus and deformation at break was detected after the sterilization procedure, while
the stress at break decreased, was observed for all sterilization procedures, when
compared to neat PLA fibres. In vitro results indicate that both UV and -radiation
treatments of PLA membranes, composed of random or aligned fibres, did not induce
cytotoxic effects in a MG 63 osteoblastic cell line. While cells culture in random fibre
membranes present a polygonal shape with smooth surface and a randomly cell
growth pattern, despite the sterilization process, the cells cultured in the aligned fibre
substrates clearly follow the longitudinal of the axis of the polymer fibres with an
elongated morphology. These results are suggestive of the potential of both -radiation
sterilized PLA membranes for clinical applications in regenerative medicine, especially
those where customized membrane morphology and fibre alignment is an important
issue.
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